Stable isotope ratios for six size fractions of zooplankton (80 to .2000 mm) were analyzed in the Gulf of Lion in spring 2010 and winter 2011. Environmental and plankton community variables were also recorded. The originality of this study is the use of a Lagrangian transport modeling system to determine the origin of the water masses and the assessment of the proportion of detritus in the plankton samples. The highest d
I N T RO D U C T I O N
It is difficult to understand variations in stable isotope ratios in marine ecosystems because of the large number of factors affecting the availability, spatial distribution and transfer of nitrogen and carbon compounds within food webs. This is particularly problematic in coastal waters, where physical processes play a major role at different scales resulting in significant spatio-temporal variability of the hydrographic patterns. The lower trophic levels are very sensitive to these changes and the isotopic signatures of plankton communities vary depending on physical dynamics, river discharges, dust inputs and other phenomena (Darnaude et al., 2004; Bode et al., 2006; Hauss et al., 2013; Mompeán et al., 2013) . The trophic structure and interactions of plankton communities can only be described using stable isotope ratios if the factors influencing the variations are taken into account (Tarling et al., 2012; Décima et al., 2013; Sano et al., 2013) . A few studies have analyzed isotopic signatures in plankton size fractions and have shown that different isotopic signatures corresponding to different functional groups are included in the total plankton (Rolff, 2000; Sommer and Sommer, 2004; Bȃnaru et al., 2013a) .
The Gulf of Lion (GoL) in the NW Mediterranean Sea is a suitable area for studying the factors influencing isotopic signature variations. There is a complex combination of hydroclimatic processes driving the availability and distribution of nutrients in this region (Lefevre et al., 1997; Diaz et al., 2001; Raimbault and Durrieu De Madron, 2003) . The hydrological dynamics are well documented (Millot, 1990; Petrenko, 2003; Hu et al., 2011) and hydrological models give an accurate simulation of the circulation within the GoL and beyond the continental shelf (Estournel et al., 2003; André et al., 2005; Rubio et al., 2009) . The discharge from the Rhône River, the Northern Current and strong, frequent winds produce highly varied patterns of environmental conditions with significant differences between plankton communities (Espinasse et al., in press) . As the GoL is one of the most productive areas in the NW Mediterranean Sea and a very important region for the reproduction of small pelagic fishes (Plounevez and Champalbert, 2000; Palomera et al., 2007) , considerable efforts have been made to describe the plankton dynamics (Razouls and Kouwenberg, 1993; Gaudy et al., 2003; Diaz et al., 2008; Bȃnaru et al., 2013b) . However, few studies have been carried out into trophic interactions using stable isotope ratio analysis throughout the whole of the GoL, and these have focused mainly on small pelagic prey (Darnaude et al., 2004; Costalago et al., 2012) .
The ANR-COSTAS project was undertaken to describe the trophic interactions between autotrophs and small pelagic fishes mediated by zooplankton in the GoL. Two surveys were carried out with a specific sampling strategy to provide a quasi-synoptic view of plankton distribution and environmental conditions. The isotopic variations in size-fractionated plankton samples were analyzed to describe the trophic structures. Particular attention was paid to external factors rarely considered in isotopic studies, such as the composition and proportion of detritus in the samples and the origin of the water sampled. The aims of this study were (i) to describe the spatial and temporal variations in environmental conditions [temperature, salinity and chlorophyll a (Chl-a) concentration] and plankton community characteristics (zooplankton biomass and size structure and feeding strategy of the main species) in the GoL, (ii) to relate them to the isotopic signature variations of the plankton size fractions and (iii) to determine the trophic structure and functioning of plankton communities within the GoL.
M E T H O D Data collection and sampling
Two surveys were carried out in the GoL onboard the French RV Téthys II: COSTEAU 4 from 25 April 2010 to 2 May 2010 and COSTEAU 6 from 23 January 2011 to 27 January 2011. The isotope sampling strategy was designed to be representative of the pelagic ecosystem of the continental shelf in the GoL. Five stations were located at the edge of the continental shelf and five to six stations were located closer to the shore (Fig. 1) . With the exception of A1 (COSTEAU 4), the shoreward stations were 15 km from the coast to avoid sampling resuspended particulate matter and fluvial discharges found in shallow waters. At each station, Bongo nets, with a 60-cm mouth diameter and 120 mm mesh size, were towed at 2-3 knots for 5 min around the station. Oblique net tows were conducted in the euphotic layer (down to a maximum depth of 75 m). The plankton in the two codends was combined before fractionation. The samples were fractionated immediately onboard using a filtration column with six sieves with 80, 200, 300, 500, 1000 and 2000 mm mesh. They were then frozen at 2258C. One vertical tow was conducted at each station to determine the taxonomic composition and size structure of the zooplankton community. Finally, 65-70 CTD casts (Seabird 911 CTD, Sea-Bird Electronics, Inc., Bellevue, WA, USA) were made to determine the physical structures over the whole gulf. Spatial maps were generated using Ocean data view (Schlitzer, 2014) and DIVA embedded gridding software (Troupin et al., 2012) .
Isotope assessment procedure
The plankton fractions were freeze-dried and ground into a homogeneous powder. An acidification step was necessary to remove any 13 C-enriched carbonates (Deniro and Epstein, 1978) . A subsample acidified with 1% of HCl, rinsed and dried was used to determine the d C relative to proteins and carbohydrates, and variation in lipid content among organisms can introduce a bias in carbon stable isotope analyses (Post et al., 2007; El-Sabaawi et al., 2009) . Zooplankton samples were not corrected for the presence of lipids, while copepods contain a significant amount of lipids (van der Meeren et al., 2008; El-Sabaawi et al., 2009) . As the C/N values of zooplankton fractions, a proxy of lipid content (Post et al., 2007) , showed small variations (mean 4.6 + 0.3), we considered this procedure did not modify the interpretation of our results.
Microscopic counts and measurements
The taxonomic composition of each sample was determined microscopically. Samples were split seven to nine times using a Motoda box, depending on the organism concentration. Copepods were identified down to species level and developmental stage when possible. The species/genus were identified according to Rose (1933) , Trégouboff and Rose (1957) and Razouls et al. (Razouls et al., 2005 -2014 . Holoplankton other than copepods, and meroplankton were identified down to major groups. The taxonomic composition of the samples is not fully described in this paper but the feeding strategy (i.e. carnivorous, omnivorous or herbivorous) of the main species was determined, according to Kouwenberg (Kouwenberg, 1994) , to explain isotopic ratio variations. For converting abundance to biomass, a significant number of individuals were manually measured microscopically to determine the mean size of the main species in relation to their developmental stages, i.e. copepodites or adults. The cephalothorax length was considered as the major axis of an ellipsoid with a ratio major/minor of three. The biovolume of each organism was calculated and then converted into biomass using a density of 1 mg mm
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Image analysis and size structure
An aliquot of each sample was processed using ZooScan (www.zooscan.com) to determine the size structure of the zooplankton communities. Each scanned image had a resolution of 2400 dots per inch and was analyzed using ZooProcess (Gorsky et al., 2010) , which is embedded in the ImageJ image analysis software (Rasband, 2005) . A total of 46 variables, including geometrical and optical characteristics, were measured by Zooprocess for each individual .300 mm and then used by the Plankton Identifier software for automated classification based on the supervised learning algorithms implemented in the TANAGRA free statistical pack (Rakotomalala, 2005; Gasparini, 2007) . The Random forest algorithm was used for the classification analysis (Breiman, 2001) . As the samples were largely dominated by copepods, two predefined categories were created: organisms and detritus. Detritus was a composite category composed of detrital particulates, fecal pellets, phytoplankton aggregates and undetermined fragments of organisms, such as gelatinous pieces, molts etc. Randomly selected images were checked manually to ensure the quality of the automated zooplankton analysis. The equivalent spherical diameter (ESD) was calculated from the particle areas provided by ZooProcess. The ESD or particle areas were converted to dry weight (DW) using the equations: DW ¼ 4:58 Â area 1:54 for organisms as defined by (Lehette and Hernández-León, 2009 ) and
for detritus as defined by (Alldredge and Gotschalk, 1988; Alldredge, 1998) . Normalized biomass size spectra (NBSS) were calculated for each station using the method described in Herman and Harvey (2006) . The linear regressions were calculated on the spectra from the third size class to the first empty class. The data were processed using an in-house program developed using MATLAB (Mathworks, Inc.). The NBSS slope is linked to the community assimilation efficiency along the size spectrum and the number of trophic levels (Gaedke, 1993; Gilabert, 2001; Zhou, 2006) .
Calculation of backward trajectories
ICHTHYOP is a Lagrangian transport modeling system structured as an Individual Based Model (Lett et al., 2008) . Velocity, salinity and temperature were provided by the hydrodynamic model MARS 3D applied to the NW Mediterranean Sea area (André et al., 2005) . Backward simulations of particles released at sample locations established the trajectories and origin of the water masses sampled. The particle patches were released at the mean depth corresponding to each net tow and the simulation period was set to 15 days. For each simulation, the origin of the water masses sampled was represented by a single location, the center of the spread area of the particle patch. The simulation period was defined on the basis of the integration time of isotopes in the planktonic food web, assuming that plankton organisms were drifted by currents.
Statistical analysis
A multifactorial analysis of variance (ANOVA) was performed on the two variables, d . The assumptions of normality and homogeneity of data were met using the Levene test. Q-Q plots were used to ensure the validity of ANOVA outputs. Post hoc comparisons of means were performed with Tukey tests (significance level, P , 0.05). Differences between shelf and off-shelf stations and between seasons were tested by t-tests. All statistical tests were performed using R (R Development Core Team, 2014).
R E S U LT S Environmental conditions
The high sampling resolution provided a quasi-synoptic view of the hydrographic variables over the whole of the GoL. The zone affected by the Rhône River waters, indicated by surface salinity ,37, was limited to an area near the shore during the January cruise and spread over a large part of the gulf during the May cruise ( Fig. 2A and B) . Only the stations located in front of the Rhône River mouths had low salinity surface waters in January, while most of the stations, including some of the shelf edge stations, had low salinity surface waters in May. However, the Rhône flow was stronger in January than in May over the 2 weeks preceding the surveys (January: ). The position of the Northern Current was well defined during both cruises with the highest surface salinity along the edge of the continental shelf.
Strong northerly winds blew regularly during the winter cruise, mixing the surface waters with the continental shelf waters, resulting in a homogeneous water column (Fig. 3) . In the middle of the shelf edge (station shown by large black squares and CTD stations by small black dots. Station C7 is indicated by a white square with a black border (see Fig. 3 ). C7), the water column was more stratified in May and characterized by high salinity and temperature gradients down 12 m depth. The vertical distribution of Chl-a was relatively high and uniform in January but peaked at a depth of 50 m in May.
Zooplankton composition and biomass
The taxonomic composition of the major plankton taxa was assessed for each size class with respect to their contribution to the total biomass (Table I) . Copepods dominated almost all size classes except the largest size class, while phytoplankton assemblages were present only in the smallest size class. The composition of the various size classes from 200 to 1000 mm was very similar in terms of the main copepod species and functional groups. The biomass in the 1000 -2000 mm size class was shared by large copepods and appendicularians, and gelatinous organisms such as salps and siphonophores were found in the .2 mm size class. Based on the feeding strategy of the main species, the proportions of herbivorous, omnivorous and carnivorous species were estimated for spring and winter (Fig. 4) . Herbivores dominated during both January (73.4%) and May (54%) surveys, followed by omnivores, while carnivores accounted for only a small part of the total biomass ( 3% in both January and May). The proportion of omnivores increased significantly between January and May (23.6 -42.4%)
Size structure of the plankton communities
The size structure of the zooplankton communities was assessed using the size measurements provided by The main groups are listed in descending order of importance. *Calanus spp., Neocalanus spp., Nannocalanus spp., Mesocalanus spp., Cosmocalanus spp. , respectively (Table II) . The maximum biomass was generally found in the 500 -1000mm size class, but biomass in size classes over 1000 mm was higher in May than in January. The proportion of biomass in detritus was similar in both seasons, 15.3% in May and 16.1% in January. The smallest size class analyzed by the ZooScan (300 -500 mm) generally had the highest percentage of detritus.
The normalized biomass size spectra and their features were calculated for the winter and spring surveys (Fig. 5) . The size spectra in May had a higher variability than in January with the SD of Y-intercept being 0.52 and 0.39, respectively, whereas the SD of the slopes was smaller in May. The mean slope was flattest in May, as there were more medium and large-sized zooplankton than in January.
Origin of water masses
The positions of the water masses sampled 15 days before the surveys were calculated using the Lagrangian transport modeling system, ICHTHYOP, based on the outputs of the hydrographic model MARS 3D (Fig. 6) . In January, the water sampled at the four eastern stations came from the off-shelf region. The waters at the other stations came from the shelf, except at Station A6, situated at the limit of the continental shelf, where waters drifted along the slope during the previous 15 days. In May, as in January, the waters at Stations F2, E2, E5 and D7 were advected onto the shelf from the off-shelf region. At Station A7, the waters drifted along the slope from an area influenced by the Rhône River over the 15 days preceding the cruise (see position of the river plume in Fig. 2B) . The waters at the western and central stations closer to the shore, A1, B2, C2 and D2, showed little movement over the simulation period. The stations were classified into two groups, shelf water stations and off-shelf water stations, depending on the origin and trajectory of the water masses sampled (Table III) .
Main factors of isotopic variations
ANOVA tests were performed on the dataset with periods, origins of the water masses and the size classes as independent variables explaining the variations of the carbon and nitrogen stable isotope ratios (Table IV) . The principle factor determining the d
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C variation was the period, followed by the origin of the water masses and lastly the size class. For d 15 N, the origin of the water masses was the principal factor of variation, then the period and lastly the size class.
The mean value of carbon stable isotope ratios was significantly higher in January than May, whereas the mean nitrogen stable isotope ratio was higher in May than January (Fig. 7, Table V ). Differences in isotopic signatures were greater in January than in May for both the d 13 C than stations in water masses from the off-shelf region for both spring and winter surveys. At the shelf water stations the d 15 N measured was significantly different between January and May, but remained constant at the off-shelf water stations. The difference between May and January in d 13 C measured was slightly higher at offshelf stations than the shelf stations (Fig. 7 , Table V) .
There was a general increase of isotopic values with size up to the 1000 mm size class (Table VI, 
D I S C U S S I O N
The present study has demonstrated the various factors affecting the isotopic variation in size-fractionated zooplankton samples in the GoL. The particular interest of the approach is in the use of stable isotope analysis combined with an image analysis system to assess the proportion of detritus in plankton samples and a Lagrangian transport modeling system to track the origin of the water masses sampled.
Origin of the water masses and isotopic variations
As stated by O'Reilly et al. (O'Reilly et al., 2002) , 'An isotopic ratio of an organism is usually understood to represent its diet, but it should be remembered that this isotopic ratio is also time specific, representing an average ratio related to tissue turnover rate and the life of the organism'. Furthermore, the transport of carbon and nitrogen compounds from autotrophs to larger zooplankton in the food web is not immediate. Isotopic signatures of copepods which were largely dominant in our samples are representative of their dietary regimes during their life histories. Fifteen days could be considered as an average duration from nauplius to the last copepodite/ adult stages in the most abundant copepods species (Kiorboe and Sabatini, 1995) . A Lagrangian transport modeling system was used to track the origin of the water masses sampled over this time period, in order to determine the hydrological conditions experienced by the organisms. Because plankton are by definition nonswimmers, it could be assumed that they are advected with the current within the water masses. Although some zooplankton species undergo daily vertical migration, most of the zooplankton biomass is concentrated in the top 100 m (Andersen et al., 2001; Siokou-Frangou et al., 2010) . The greatest movements were observed in the eastern part of the gulf with the intrusions of the upper layer of the Northern Current onto the shelf (Estournel et al., 2003; Petrenko, 2003) . Conversely, the movements on the shelf given by the model were much less, especially for stations nearer the shore. The two groups of stations, shelf water stations and off-shelf water stations, gave distinctly different patterns of isotopic signatures for the two seasons, which shows the importance of taking account of the origins of the water masses (see Fig. 7 ).
Physical processes and isotopic variations
Of the main physical processes occurring in the GoL, freshwater discharges and intrusions of the Northern Current waters probably have the greatest influence on the stable isotope ratios of plankton. The Rhône River, with a mean flow of 1721 m 3 s
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, provides one of the highest river inputs into the Mediterranean Sea (Ludwig et al., 2009) , with a significant influence on the production of the lower trophic levels within the shelf (Diaz et al., C value of the Rhône waters, with values that were even higher than those at other stations. This anomalous result could be explained by the history of the water masses sampled.
All the eastern stations of the GoL could be affected by the off-shelf waters carried onto the shelf by the intrusions of the Northern Current. Retrograde trajectories calculated by the Lagrangian transport modeling system, ICHTHYOP, showed that the mid-column waters in the eastern part of the gulf came from off-shelf region. The Northern Current was stronger in winter and the intrusions onto the shelf more frequent and so the differences in d
13
C between the stations in shelf waters and off-shelf waters were higher in January than May. Conversely, the low spread of isotopic values at the stations in shelf waters in May (see Fig. 7 ) was associated with the weak movements of water masses modeled on the shelf.
Composition of size-fractionated plankton and isotopic variations
Since isotopic measurements are carried out on bulk samples, the proportion of detritus could significantly change the isotopic signatures. Results from image analysis were used to quantify the proportion of detritus by size class (.300 mm, Table II ). This proportion was the highest in the lowest size class analyzed (300 -500 mm) and would probably increase further in smaller size classes (, 300 mm) owing to increasing POM concentration. The isotopic signature of POM depends largely on its composition and sources (Bode et al., 2006; Cresson et al., 2012; Bȃnaru et al., 2013a) . One of the major sources of POM in the GoL is the Rhône River discharge (Sempéré et al., 2000; Tesi et al., 2007) , which has high d 15 N values (Harmelin-Vivien et al., 2010) . A mix of POM and phytoplankton in the size class 80-200 mm probably explained why the values recorded were higher than expected. The high proportion of detritus observed in larger size fractions (.500 mm) mainly comprised gelatinous fragments but their contribution to the total DW biomass was generally negligible.
Taxonomic identification of plankton samples showed that copepods were dominant in most size classes (from 200 mm to 2 mm, see Table I ), which agreed with previous surveys conducted in the GoL (Razouls and Kouwenberg, 1993; Champalbert, 1996; Gaudy et al., 2003) . The mean d 15 N value within this size range was 3.13 + 0.79‰ in January and 3.88 + 0.53‰ in May. Costalago et al. (Costalago et al., 2012) and Bȃnaru et al. (Bȃnaru et al., 2013a) found slightly higher nitrogen isotopic signatures for copepods, 4.37 + 0.36‰ during January in the GoL and an annual mean of 3.82 + 0.07‰ in the Bay of Marseilles, respectively. The dominant species in this size range (200 -2000 mm) were filter feeders and belonged to the same functional group unlike the smaller (80-200 mm) and larger (.2 mm) size classes. Over 2 mm, new species belonging to different functional groups appeared, in particular salps. As salps prefer feeding on small-sized particles (Sutherland et al., 2010) , they bypass the size-based food webs and have lower d
15 N values than expected (Bȃnaru et al., 2013a Fig. S1 ). To our knowledge, it is the first time that such negative values have been published for large zooplankton size classes. Complementary information from microscopic analysis on water samples (not included in this paper) did not show the presence of diazotrophic organisms, such as Trichodesmium and Richelia species, which could drastically lower nitrogen stable isotope ratios (Montoya et al., 2004; Yeung et al., 2012; Mompeán et al., 2013) . It is suggested, therefore, that a bloom of smallsized diazotrophic prokaryotes, selectively consumed by salps, could explain these highly negative values. However, our dataset was unable to confirm this hypothesis.
Seasonal variations of isotopic signatures and trophic structure
Several factors drive isotopic variations of carbon and nitrogen. In this study, the season was the most important factor for d (Table IV) . Changes in d 13 C were strongly linked to hydrographic conditions, with winter conditions favorable to higher intrusions of offshelf waters onto the shelf, and a decrease of the area influenced by the Rhône (Fig. 2A) . In contrast, freshwaters from the Rhône spread over a large part of the GoL in spring, carrying terrestrial POM, while the Northern Current was further offshore (Fig. 2B) .
Changes in plankton d
15 N were clearly explained by the origin of the water sampled. For stations in off-shelf waters, there was little variation between the two seasons (d 15 N difference of 0.65‰, Table V) , while for stations in shelf waters, there was significant difference between May and January (d 15 N difference of 1.23‰), probably due to a greater influence of the Rhône in May than January. Moreover, the dispersion of d
15 N values on the shelf was correlated with the movements of the water sampled (SD ¼ 0.87‰ in January and 0.33‰ in May), which were greater in January than in May (Fig. 6) .
The increase of d
15
N values on the shelf between January and May was also well correlated with changes in the zooplankton size structure, which indicated a transfer of the maximum biomass toward the large-sized organisms (Fig. 5) . The NBSS slope is also related to the efficiency of the ecosystem to transfer biomass and the number of trophic levels (Gaedke, 1993; Gilabert, 2001; Zhou et al., 2006; Basedow et al., 2010; Thompson et al., 2013) . In January, the steeper slope implied a quick transfer of biomass along the size spectrum, indicating a simple food web, while in May, the flatter slope implied a more complex food web with less biomass loss during the transfer from small to large size classes. Differences in nitrogen isotopic signatures were greater between small and large size classes in January than May, suggesting a significant food overlap between zooplankton size classes in May, in agreement with the flattening of the NBSS slope. Different environmental conditions in January and May resulted, therefore, in different trophic structures. In January, primary production was promoted by the resuspension of nutrients and Chl-a concentrations were high and uniform along the water column, encouraging the development of herbivores with an abundant amount of food (Fig. 4) . In May, stratified waters led to thin layers with high Chl-a concentrations but low values elsewhere (see Espinasse et al., in press; Fig. 3 ), causing zooplankton to diversify their food sources, resulting in an overlapping of functional groups within the same size range.
The seasonal changes in trophic structures found in this study are in accordance with similar study carried out in the Bay of Marseilles (Bȃnaru et al., 2013a) . The integrative approach used gave consistent results between isotopic analysis, size structure and feeding strategy of zooplankton communities. Finally, the assessment of the origin of the water masses gave valuable information to explain isotopic signature variations and should be incorporated in further isotopic analysis.
S U P P L E M E N TA RY DATA
Supplementary data can be found online at http://plankt. oxfordjournals.org.
AC K N OW L E D G E M E N T S
We thank the crew of the R.V. Téthys II for their help during sampling and P. Richard and G. Gillou, LIENSs Laboratory at the Université de La Rochelle, for C and N stable isotope analyses; D. Bǎnaru, I. Biegala, F. Diaz, P. Raimbault and V. Cornet-Barthaux for their valuable advice and the two anonymous reviewers for comments and suggestions that helped to improve this manuscript.
F U N D I N G
This work was funded by the ANR-COSTAS program ANR-09-CESA-007-04.
